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Summary 
In the present study, nano size pure copper powder with grain size approximately 48nm 
and 78nm and micron size copper powder with grain size in nano meter range were 
uniaxially die compacted at room temperature at pressures ranging from 0.25GPa to 
1.00GPa. The selection of pressure range was made based on the ability of Si wafer to 
withstand the pressure without experiencing mechanical damage and was based on 
literature search. The cold compacted copper compacts were subsequently sintered at 
200◦ C for 2 hours under inert argon atmosphere.  
 
The primary objective of this investigation was to optimize the compaction pressure so as 
to get suitable properties of nanostructured copper for potential application as electronic 
packaging material.  
 
Results of characterization studies revealed that increasing the compaction pressure 
followed by low temperature sintering can refine the grain size, reduce the porosity and 
increase the hardness of the resultant compacts. The microhardness obtained was found 
to be comparatively superior than the one published for samples synthesized using inert 
gas deposition coupled with in-situ compaction, solution phase synthesis and plasma 
pressure compaction. Particular emphasis was placed to correlate the effect of variation in 
compaction load/pressure with the microstructual evolution and mechanical 
characteristics of the sintered samples. 
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CHAPTER 1 INTRODUCTION 
 
 
1.1 Project Background: WLP and NWLP 
 
 
Electronic packaging refers to interconnection, powering, cooling and protecting 
semiconductor chips for reliable systems while the main purpose of an interconnect 
material or interconnection is to join two electrical terminals with low parasitics such as 
electrical resistance, inductance etc and to be reliable in field use.  
 
There are mainly two categories of packaging according to their input/output (I/O) layout. 
One is through-hole packages which have pins that can be inserted into the holes in the 
PWB (Printed wiring board) and the other is surface mount packages if the packages are 
not inserted into the PWB, but are mounted on the surface of the PWB. DIPs (Dual-in-
line packages), SOPs (Small outline packages), QFPs (Quad flat packages), PGAs (Pin 
grid arrays) are through hole packages. BGAs (Ball grid arrays), TAB (Tape automated 
bonding), CSP (Chip scale package) are surface mount packages. Each type of package 
has its own advantages as well as limitations. Due to its large lead pitch DIPs have 
limited application when space is a critical design constraint. The SOP is well suited for 
24 to 48 pin memory packaging in space-constrained applications. The QFP has higher 
pin counts, up to 304 pins. BGA was the first high volume pin grid array package and had 
remained as the primary package solution for microprocessor units since its successful 
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implementation in 1982 for 286 microprocessors. However, its higher cost prevents it 
from taking up a bigger share of the market. 
 
Due to the unprecedented demand for portable and handheld devices, such as cell phones, 
digital cameras, etc, CSPs (Chip scale packages) have become one of the dominant 
package types. The unique feature of CSPs is that it uses a substrate or metal layer to 
redistribute the fine-pitch (as small as 75µm) peripheral pads on the chip to a much larger 
pitch (1mm, 0.8mm,0.75mm and 0.5mm) area array pads on the PCB (Printed Circuit 
Board), or FPC (), or glass. The CSP is easier to test at speed and burn in for known good 
die (KGD), to handle, to assemble, to rework, to standardize, to protect the die, to deal 
with die shrink and expand, and it is subjected to less infrastructure constraints [1]. From 
1993 to 2000, over 50 types of CSPs have been introduced in the market that differ in 
structure, material, and interconnecting systems. CSP followed the traditional IC 
packaging fabrication steps. After the completion of wafer fabrication, the wafer is diced 
into individual chips or dies. The functional chips are placed in a temporary testing socket 
to test for functionality and reliability under various conditions. The chips that survive 
this burn-in test are then placed into permanent package and re-tested before they are 
made available for system assembly on the printed wiring board (PWB). The process 
only involves a single chip at a time. Thus, the approach is expensive and not efficient. A 
novel packaging technology is needed to address the requirements of modern and future 
microelectronics systems, which have higher level of integration, higher performance and 
increasing functionality. 
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According to The International Technology Roadmap for Semiconductors (ITRS, 2002) 
[2], the existing packaging technologies are incapable of addressing the cost, performance, 
functional, heat removal and size requirements of future generations of semiconductor 
ICs. Wafer-Level Packaging (WLP) appears to have all the fundamental advantages of 
cost, size, electrical performance and reliability as compared to other conventional 
packages. 
 
Wafer-level packaging (WLP) is IC packaging formed at the wafer level on the wafer in 
the wafer foundry. In this new process, front-end IC fabrication and back-end IC 
assembly are performed at the wafer foundry. Wafer level packaging is expected to 
provide a number of benefits that include: the smallest system size, reduced cost of 
packaging and testing, elimination of underfill and improved electrical performance. 
 
 
Figure 1-1 Wafer-level packaging in comparison with conventional packaging [3]. 
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Nano wafer level packaging (NWLP) is an advanced version of WLP by employing 
nanostructured materials and structures to realize WLP for future ICs with finer pitches 
and greater I/Os (see Fig.1-1). Nano wafer level packaging (NWLP) uses nano materials 
and structures to bring about unprecedented advances in electrical, mechanical, and 
thermal properties in the chip-to-package interconnections. 
 
 
1.2 Nanostructured Materials for Interconnection 
 
At sub-100 micron pitch, the conventional solder ball technology does not guarantee the 
reliability of the IC-to-board joint. Nanostructured materials as interconnection are 
proposed because of their potential superior mechanical, electrical and thermal properties. 
 
 
In the current solder ball technology, the mechanical reliability of interconnects will be 
severely reduced if the pitch size as well as the height of interconnects decreased. Besides, 
the interconnect signal delay known as RC (where R is the resistance and C the 
capacitance) time delay has become increasingly dominant and can largely determine the 
package performance in the fine pitch interconnect structures. Nanostructured materials 
have improved mechanical properties and mechanical reliabilities so it is a logical choice 
for the new interconnect system.  
 
As is well known, nanostructured materials are solids composed of structural elements-
mostly for crystalline materials with grain size of less than 100nm. Numerous 
experimental studies have shown that there is considerable potential for enhancing the 
strength of materials through grain refining to nano metric level and interface 
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strengthening. There are four approaches for making nanostructured materials: (1) 
production of nano meter sized powder followed by a compaction process (with or 
without heating), (2) introduction of high density crystal defects into a former perfect 
single crystal by heavy deformation (e.g. ball milling, extrusion, shear, wear or high 
energy irradiation), (3) crystallization from undercooled melts and precipitation from 
supersaturated solid or liquid solutions, and (4) deposition of atoms on suitable substrate. 
Owing to its potential of exhibiting unique mechanical, electrical and thermal properties 
such as high fracture strength and toughness, high conductivity and high electromigration 
resistance, nanostructured copper is worth investigating for its properties and possible 
application in wafer level electronic packaging. 
 
1.3 The Chip-to-Substrate Interconnections Made of Sintered  
       Nano Particles 
 
In order to make interconnect pattern on silicon substrate, to produce a layer of high 
quality nanostructured-copper film is essential. We adopted a powder processing route, 
wherein nanoparticles of the desired material are first synthesized by some convenient 
chemical or physical method and then consolidated by pressure-less or pressure-assisted 
sintering.  
 
In powder processing, it is essential to synthesize nanoparticles that are non-
agglomerated and preferably monodispersed, since these powder characteristics facilitate 
low temperature sintering, which is a prerequisite for mitigating grain coarsening. To 
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determine the nanocrystalline grain size, techniques such as SEM and X-ray diffraction 
can be employed. To meet screen printing requirements, thick film pastes are synthesized 
from metallic powder and an organics carrier consisting of a polymer in a suitable solvent, 
a plasticizer and a wetting agent. The function of the organics is to turn the metal powder 
into paste form that is screen printable and continues to hold powders in position after the 
paste has been dried. Fig. 1-2 shows the process flow for formation of interconnection 
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1.4 The Primary Objective and Scope of the Present Study 
 
The inherent ability of copper to exhibit a good combination of electrical and mechanical 
properties has made it one of the most potential materials for use in microelectronic 
packages. It is anticipated that such a combination of properties will be superior if the 
microstructure is designed at the nano-level. The results of literature survey indicate that 
no systematic studies have been done so far to characterize the properties of 
nanostructured copper synthesized using compaction-sintering methodology. So in the 
present study, an attempt is made to synthesize nanostructured bulk copper samples using 
the most simplistic powder metallurgy route. Preliminary characterization is done to 
determine its microstructure in terms of grain size and porosity and mechanical properties 
in terms of microhardness. An attempt is made to study the variation in microstructure 
and microhardness as a function of compaction pressure.  
 
 In the present study nanostructured bulk copper samples were synthesized using the 
technique of compaction of nano size and micron size copper powders followed by low 
temperature sintering. The temperature of sintering was kept at 200◦C which is 
significantly lower than the solder reflow temperature used currently. Sintered specimens 
were characterized principally in terms of microstructure and microhardness. Particular 
emphasis was placed to correlate the effect of compaction pressure with the 
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1.5 Organization of the Thesis 
This thesis is divided into seven chapters. 
Chapter 1 provides a brief introduction of the evolution of IC packaging and the 
promising novel nano wafer level packaging (NWLP). Objectives of the present work are 
also introduced. 
Chapter 2 is a review of the literature related to this work. Background of the usage of 
nanostructured materials as interconnection material is given and various methods to 
synthesize nanostructured copper are introduced. Besides, the mechanical, thermal and 
electrical properties of nanostructured copper are also reviewed. 
Chapter 3 describes the experimental methods used in the present study and along with 
the materials, tools, and facilities that were used. 
Chapter 4 gives the results of the hardness, density, porosity and the X-ray diffraction. 
Chapter 5 discusses the results in terms of microhardness and microstructure 
characteristics. 
Chapter   6 concludes the work finished in the project. 
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At sub 100 micron pitch, the conventional solder ball does not guarantee the reliability of 
the IC-to-board joint due to higher stress induced by large CTE mismatch between the 
substrate and the chip. Compliant connection is one possible solution but it may have 
higher cost and it may not provide the best electrical properties. Underfill around the 
solder provides another solution but it makes the process complex and makes the 
technology expensive too. Nanostructured metal as an interconnection material is 
proposed because of its high mechanical strength and low resistivity and excellent 
thermal conductivity. 
 
Nanostructured materials, characterized by a physical dimension of less than 100-nm 
(such as grain size) and a significant amount of surfaces and interfaces, have been 
attracting intensive scientific and industrial interest because of their anticipated unique 
properties compared to conventional materials. Nanostructured materials can be made by 
milling of coarse-grained materials using the top-down approach as well as by assembly 
of atoms or particles using the bottom-up approach. Many methods of producing 
nanostructured materials have been developed and industrialized as well, for example, 
ball milling, electrodeposition, severe plastic deformation, sol-gel processing etc. Many 
of these methods are powder processes. In order to characterize the materials, as-
produced powders must be compacted into bulk form. 
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2.2 Why Copper?  
Over the last decade there has been a steep rise in research investigations on the 
processing, characterization, properties and potential applications of nanostructured 
metals [4-6]. The principle reason for the interest arises from their novel mechanical, 
electrical and magnetic properties compared to conventional polycrystalline counterparts. 
The enhanced properties have been mainly attributed to the grain size refinement and 
increased grain boundary area [7]. Copper is one of the interesting materials for 
investigation due to its ability to exhibit attractive properties such as high mechanical 
strength and high electrical conductivity when the microstructual length scale is in 
nanometric level. The results of literature search indicate that nanostructured bulk copper 
has been successfully synthesized by various methods such as gas phase condensation 
coupled with in-situ compaction[8], severe plastic deformation,[9] solution phase 
synthesis[10], plasma pressure compaction [11], microwave sintering [12], and pulsed 
electrodeposition method [13, 14]. 
 
Significant amount of work has been done in the past on the fabrication, mechanical and 
electrical property characterization of the nanostructured bulk copper for its use in many 
engineering applications such as an interconnect material in electronic packaging [5-15]. 
The processing temperature in the aforementioned techniques, however, remains higher 
when compared with solder reflow temperature in packaging area. The high mechanical 
strength, low electrical resistivity and comparable CTE value with silicon makes copper 
as one of promising candidate material for electronic packaging. Table 2-1 lists some key 
parameters for possible candidate packaging materials. Besides, no systematic data about  
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the mechanical properties of the nanostructured bulk copper obtained by conventional 
cold pressing and low temperature sintering in inert atmosphere is available.  
 
 
Accordingly, in the present study nanostructured bulk copper samples were synthesized 
using the technique of compaction of nano size copper powders as well as micron size 
copper powders followed by low temperature sintering. The temperature of sintering was 
kept at 200◦C which is significantly lower than the solder reflow temperature used 
currently. Sintered specimens were characterized principally in terms of microstructure 
and microhardness. Particular emphasis was placed to correlate the effect of compaction 
pressure with the microstructural evolution and microhardness of the sintered 
nanocrystalline copper compacts. 
 
Table 2-1 Selected properties of some promising materials for electronic packaging [16]. 
 













Cu 8.96 1083 125 16.5 1.68 
Ni 8.90 1450 210 13.3 6.80 
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2.3 Synthesis methods of bulk nanostructured and UFG (Ultra- 
      fine grained) metals 
Most synthesizing methods produce nanostructured materials in a powder form but bulk 
large dimension specimens or metal film is often needed for reliable mechanical testing to 
be carried out. Various methods producing bulk or metal film, for example, consolidation 
of powders, deposition, severe plastic deformation, have been developed. Consolidation 
of nanopowders into a bulk form by conventional methods such as hot pressing, extrusion, 
hot isostatic pressing (HIP) can coarsen the grains under the application of heat and 
pressure. Severe plastic deformation (SPD) is a promising method to deform bulk 
structures having coarser grains into submicron and nanostructured products. SPD can 
produce fully dense bulk samples for mechanical testing. However, the final structures 
are metastable and susceptible to grain growth at high temperatures. Electrodeposition is 
also an effective route to produce dense nanostructured sheets for mechanical 
measurements. Its low cost, industrial applicability, high production rates have attracted 
much interest in this technology for the deposition of nanostructured metals for industrial 
applications. Furthermore, solution phase synthesis, plasma pressure compaction, 
microwave sintering and pulsed electrodeposition have also been used to synthesize bulk 
nanostrucutred metals and alloys. Each of these techniques will be introduced and 
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2.4 Consolidation of powder metals 
The effort to synthesize bulk specimen by consolidation of nanopowders started as early 
as 1968 by Morgan’s group. Their efforts were related to sintering MgO to get 
superplastic behavior [17]. However, consolidation and sintering resulted in either grain 
growth or unacceptably small specimen size which limited the characterization of 
nanostructured materials properties, especially mechanical properties. Besides, the 
inclusions, remaining pores, oxides can all degrade the final properties. Hot pressing, hot 
extrusion, cold isostatic pressing (CIP), and hot isostatic pressing (HIP) are standard 
methods to consolidate metallic powders. Table 2-1 summarizes the compaction 
parameters for nano copper powder by other investigators. 
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IGC Cu Uniaxial Die Φ9×0.5 180 10 1.4GPa/9.1T [18] 












PPC Φ25×12 650,720,820,900 5 
25,40,48MP
a/1.25,2,2.4T [11] 
IGC Cu In-Situ Warm Φ80×5 200 ---- 1GPa/513T [21] 
IGC Cu In-Situ Warm Φ9×4 106 60 1.4GPa/9.1T [22] 





Die Φ22.2 RT 2 0.2T [24] 
 
Note: IGC: Inert Gas Condensation 
          PWE: Pulsed Wire Evaporation 
          MPC: Magnetic Pulsed Compaction 
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Electrodeposition is one of the oldest synthesis methods used to form nanostructured 
materials. The main advantages of electrodeposition include: (a) low cost and industrial 
applicability, (b) simple operation, (c) versatility and (d) high production rates. 
Nanostructured deposits are formed on a cathode surface during plating by properly 
controlling the electrodeposition parameters, e.g. bath composition, temperature, pH, etc. 
A very large number of pure metals, alloys and ceramics can be electrodeposited with 
grain sizes less than 100-nm. Pure metals, alloys, multilayered structures, metal matrix 
composites have been successfully produced by electrodeposition methods. The 
advantages of electrodeposition include: 
• Well established industrial infrastructure. 
• Relatively low cost of application, whereby nanostructured materials can be 
produced by simple modification of bath chemistries and electrical parameters 
used in current plating and electroforming operations. 
• Capability in a single-step process of producing pure metals, alloys, and metal-
matrix composites in various forms. 
• Ability to produce fully dense nanostructures free of porosity. 
 
2.6 Severe plastic deformation 
Severe plastic deformation (SPD) methods are interesting alternatives to conventional 
PM routes. The idea of the SPD approach is to impart large plastic deformations at low 
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temperatures to bulk specimens. There are two major procedures for severe plastic 
deformation processing, namely high-pressure torsion (HPT) and equal-channel angular 
pressing (ECAP). In the HPT process, a sample in the form of a disk is subjected to very 
large shear torsion straining under the applied high pressure of several GPa at room 
temperature. In ECAP, the sample is passed through a die in which two channels, equal in 
cross section, intersect at an angle Ф, with an additional angle Ψ defining the outer arc of 
curvature where the two channels intersect. The detailed description can be found 
elsewhere [25]. For pure metals, HPT generally results in the formation of ultrafine-
grained structure with an average grain size of about 100-nm and the application of 
ECAP yields a grain size of 200-300nm. ECAP has been successfully used to make 
nanostructured metallic materials including Cu, Ni, Al and its alloys [26, 27, 28]. 
 
2.7 Solution phase synthesis 
Synthesis of nanostructured copper by solution phase synthesis has been achieved 
successfully by R. Suryanaranan et al. [10]. The solution-phase synthesis proceeds by the 





1 H2   
 
 
A flask was charged with copper chloride and THF. NaBH4 was added slowly with 
stirring at 273K under nitrogen atmosphere, evolving heat and gas. The solution was 
allowed to stir under nitrogen for 16h. The solvent was then evaporated under vacuum 
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and the mixture was slowly washed deoxygenated H2O to remove NaCl. The solid 
product was then collected on a filter funnel and dried under vacuum. The product can 
achieve 99% purity. In their study, nanostructured copper particles were first cold 
compacted at room temperature in a tungsten die under a pressure of 150 MPa to obtain 
green compacts with 44.6% relative density. The cold-pressed compacts were further 
compacted inside a vacuum chamber at temperatures of 650-750◦C. Although final 
microstructure remains in the nano range and densities can reach as high as 92.2, its high 
B content is a major disadvantage of this solution-phase synthesis. The concentration of 
0.18% B in samples is almost twenty times the room temperature solubility of B in Cu. 
 
2.8 Plasma pressure compaction (PPC) 
Plasma pressure compaction is a rapid densification process developed by Materials 
Modification Incorporation (MMI, Fairfax, VA, USA) [11]. It is economically affordable, 
efficient and viable approach and it has the potential to minimize grain growth by 
enhancing particle sinterability through the conjoint action of particle surface activation 
and rapid heating for very short durations. The technique of plasma pressure compaction 
is a short-time, high temperature, low pressure process that has been successfully used to 
compact micron  size, ultrafine as well as nanometer metallic, intermetallic and ceramic 
powders to full density and near-net shapes. In the PPC procedure, powders are simply  
poured into a graphite die and compacted by graphite punches. At the beginning of the 
process, pulsed DC voltage is applied through the powder compacts to generate an 
interparticle plasma that activates the surface by removing the oxide or contamination 
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layers. Subsequently, DC voltage is applied to achieve rapid densification by resistance 
sintering under uniaxial pressure. 
 
 
2.9 Microwave sintering     
Microwave sintering of materials is a novel and unique method to process materials that 
may not be suitable for conventional means of sintering. It offers specific advantages in 
terms of speed, energy efficiency, process simplicity, improved properties, finer 
microstructures and lower environmental hazards.  
 
Microwave heating of materials is fundamentally different from conventional heating and 
provides many advantages over conventional resistance heating. In conventional heating, 
the material absorbs heat by radiative transfer from external heat sources. In microwave  
heating, the material absorbs microwaves and the heat is generated within the material. 
Currently, large-scale applications of microwave heating are limited to certain industries  
which include food processing, analytical chemistry and vulcanization of rubber. 
Investigations into the processing of ceramics can be traced back to as early as 1950s [29] 
and has progressed rapidly in the past two decades. 
 
Microwave processing of materials focused mainly on ceramics and polymers and very 
few studies conducted on the processing of metals using microwave sintering since it is 
well known that metals reflect microwaves and do not absorb microwave energy. Very 
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few papers have been found reporting the microwave sintering of powder metals except 
work performed by Walkiewicz and D.K.Agrawal [12]. 
 
Compared with traditional sintering, microwave sintering has less sintering time from 
external sources due to the direct energy coupling with electric dipoles within the heating 
body. The reduced processing time bring about energy saving and final property benefits. 
Temperature gradients are reduced and an overall short sintering time minimizes grain 
growth. In addition, the rapid heating rate can bypass the low temperature region where 
the rate of grain growth is higher than the rate of densification. Since grain boundaries are 
the primary sites for electric dipoles, microwave sintering appears particularly attractive 
for the densification of nanocrystalline powders.  
 
The implications of microwave sintering of metals are obvious in the field of powder 
metal technology. Metal powders are used in a diverse range of products and applications 
in various industries, including the automotive industry, aerospace, and heavy machinery. 
The challenging demands for new and improved processes and materials of high integrity 
for advanced engineering applications require innovation and new technologies. Finer 
microstructures and near-theoretical densities in special powder metal components are 
still elusive and widely desired. Increasing cost is also a concern of the industry. 
 
Microwave processing offers a new method to meet these demands of producing fine 
microstructures and better properties, and potentially at lower cost. So far, there has been 
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little effort devoted to understanding the mechanisms and the science behind microwave 
sintering of metals. However, it is obvious that the microwave-metal interactions are 
more complex than those working actively in the field had expected. There are many 
factors that contribute significantly to the total microwave heating of powdered metals. 
The sample size and shape, the distribution of the microwave energy inside the cavity, 
and the magnetic field of the electromagnetic radiation are all important in the heating 




2.10 Pulsed Electrodeposition 
The pulsed electrodeposition (PED) technique is a versatile method for the preparation of 
nanostructured metals as well as alloys. In the last two decades, the PED has been paid 
attention worldwide because this technique allows the preparation of large bulk samples 
with high purity, low porosity and enhanced thermal stability. Besides, PED can also be 
used to intentionally adjust the nanostructure (grain size, grain size distribution, 
microstress) which are responsible for the physical and chemical properties. 
 
The PED of nanostructured materials is a two-step process: 
1. The formation of a high nuclei number; 
2. The controlled growth of the deposited nuclei. 
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These two conditions can be realized by the proper choice of the chemical and physical 
process parameters. Kelvin equation [30] gives a quantitative relationship between 






Vr =                                                                      (1) 
r means the critical nucleation radius, σ  the specific surface energy, V the atomic 
volume in the crystal, z the number of elementary charges .The bath composition, the 
pH-value, the hydrodynamic conditions and also the use of special current shapes are 
further possibilities to control the grain size. Nanostructured metals such as Pd, Fe, Cu, 




2.11 Mechanical, Thermal and Electrical Properties of      
Nanostructured Copper 
 
Due to the small grain sizes, nanostructured materials exhibit many properties that are 
different and often improved in comparison with those of conventional coarse grained 
counterparts. These include increased strength/hardness, improved ductility/toughness, 
reduced density, reduced elastic modulus, higher electrical resistivity, higher specific heat 
and higher thermal expansion coefficient in comparison with conventional coarse grained 
materials. 
 
The most significant change resulting from the reduction of grain size to the nano length 
scale is a 4-5 times increase in the strength and hardness over the coarse grained material. 
Champion et al. [36] have synthesized bulk nanostructure copper (grain size, 60nm) from 
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powder metallurgy route, and they have reported that the yield strength of the n-Cu is 
about 1.4 times that of conventional coarse grained bulk copper samples and the flow 
stress is about 1.7 times that of coarse grained copper. A reduction in hardness with 
decreasing grain size was, however, reported for Cu samples by Chokshi [37]. The Hall-
Petch relationship for conventional coarse grained materials suggest that the yield 
strength (or hardness) of a material increases with a decreasing grain size according to the 
relationship σ=σ0+Kdn where d is the grain size, σ the yield strength or hardness, σ0 the 
lattice friction stress to move individual dislocations, n the grain size exponent (generally 
-0.5) and K a constant, called Hall-Petch intensity parameter. However, the above 
equation has its limitations. First, the strength can not indefinitely increase to beyond the 
theoretical strength limit. Second, relaxation process taking place at the grain boundaries 
could lead to a decrease in strength and, thus, an inverse Hall-Petch relationship could 
result below some critical grain size. Third, the Hall-Petch relationship was derived on 
the basis of strengthening resulting from dislocation pile-ups at physical obstacles. At 
very fine grain sizes, the grains can not support more than one dislocation and thus, the 
Hall-Petch relationship may not be valid. Many investigators now accept that there exists 
a critical grain size in nanostructured materials above which the Hall-Petch slope is 
positive and below which it is negative. 
 
Measure coefficient of thermal expansion (CTE) of nanostructured copper (8nm) has 
been reported to be 31  in comparison with 16  exhibited by coarse 
grained copper sample. Hence, by changing the grain size, one can tailor the CTE to any 
predetermined value. 
1610 −−× K 1610 −−× K
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The electrical resistivity of nanostructured materials is expected to be higher than that of 
corresponding coarse grained polycrystalline materials due to the increased volume 
fraction of atoms lying at the grain boundaries where more electron scattering occurs. 
The resistivity of nanostructured copper prepared by the powder compaction method has 
been reported by Y.K.Huang [15] and the results show that the nanostructured copper has 
a larger resistivity than conventional coarse grained copper and also larger temperature 
dependence than that of conventional bulk copper. Thus we can say that at constant 
temperature, the electrical resistivity of bulk nanostructured copper is a function grain 
size. 
 
The literature search thus indicate that nanostructured copper has the potential to exhibit 
the combination of properties that may be very different from the microstructured copper 
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In the present study, pure copper powder (99% or above) was uniaxially die compacted at 
ambient temperature at pressures ranging from 0.25GPa to 1.00GPa. The selection of the 
pressure range was made based on the ability of Si wafer to withstand the pressure 
without experiencing mechanical damage and was based on literature search [38]. The 
cold compacted copper samples were subsequently sintered at 200◦C for 2 hours. The 
primary objective of this investigation was to study the effect of compaction pressure on 
the microhardness and microstructural evolution of the sintered bulk samples. Figure 3-1 
provides an overview of the entire project, from the synthesis of the bulk nanostructured 




In the present study, nano copper powders (grain size: 48nm) with purity of 99 percent or 
above and average powder particle size of ~100nm were procured from Argonide 
Corporation (FL, USA) in initial stage of the work. Micron particle sized pure copper 
powders were procured from PIASIM CORPORATION (PTE) LTD and INFRAMAT 
ADVANCED MATERIALS, SINGAPORE, respectively.  
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Figure 3-1 Flow chart giving the overview of the project. 
 
Table 3-1 Characteristics of as-received nano and micron size copper powders. 
Number Name Particle Size (nm) Purity (%)
Estimated 
Grain Size Procured From 
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The main processing is the same as traditional powder metallurgy but the sintering 
temperature is lower. The elemental copper powders were compacted using 10mm die set 
at different compaction pressure and held for 3 minutes followed by low temperature 
sintering in Argon atmosphere. The compaction pressure ranged from 0.25 to 1.00 GPa. 
The sintering temperature was kept at 200◦C. 
 
 
3.4 Density Measurement 
 
Density was measured using Archimedes principle. The specimens were polished and 
weighed in air and distilled water using HM-202 electronic balance with an accuracy of 
0.0001g. The weights recorded were used to compute the density of the material. The 







−= ρρρexp  
Here : measured weight of specimen in air airM
        : measured weight of specimen in liquid liqM
        airρ : density of air 
         liqρ : density of liquid 
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3.5 Microstructure Characterization 
The sintered compacts were metallographically polished and examined under an optical 
microscope to quantify the amount of porosity. The grain sizes of sintered bulk copper 
samples were measured using Shimadzu Lab-XRD-6000 X-ray diffractometer with Cu-
Kα radiation operated at 40kV and 30mA, with a scan speed of 2ο/min. Based on XRD 
raw data, the grain sizes of the samples were calculated using Sherrer equation (D≈ 
0.9λ/(βcosθ) where, λ is the wave length of X-ray, β is the full width at half-maximum of 
the diffraction peak, and θ is the diffraction angle). XRD results, in addition, were also 
utilized to identify the various phases present in as-received copper powder and compacts. 
 
3.6. Microhardness Testing 
Vickers microhardness was measured on the polished samples using AVK-C2 automatic 
digital microhardness tester using 25gf indenting load and 15 seconds dwelling time in 
accordance with ASTM E92-82 standard. Vickers microhardness (HV) was obtained 
from the test load applied to form an indentation on the test surface. The test specimen 
surface must be flat and smooth and perpendicular to the axis of the indenter when 
placing the samples. On each sample at least 10 readings were taken and the average and 
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CHAPTRER 4 RESULTS 
 
 
4.1 Density and Porosity 
 
4.1.1 Results of bulk nanostructured copper synthesized from n-Cu (48- 
         nm) powder 
 
The density results of bulk nanostructured copper synthesized from n-copper powder (48-
nm) are listed in Table 4-1. 
 
Table 4-1 Results of Microhardness and Microstructural Characteristics of Bulk Copper 
















2 (0.25) 51±14 5.19 ( 58.1) 41.8 29.3±1.1(0.32) 
4 (0.50) 49±15 5.48 (61.2) 38.6 85.0±1.0(0.90) 
6 (0.75) 34±10 6.15 ( 68.8) 31.1 108.6±4.1(1.14) 
8 (1.00) 27±4 6.57 (73.6) 26.4 147.3±3.5(1.55) 
 
 
4.1.2 Results of bulk nanostructured copper synthesized from n-Cu (78- 
         nm) powder 
 
The density results of bulk nanostructured copper synthesized from n-copper powder (78-











Table 4-2 Results of Microhardness and Microstructural Characteristics of Bulk Copper 
















2 (0.25) 68±20 5.86 (65.4) 34.6 69.4±2.5(0.73) 
4 (0.50) 44±14 6.78 (75.7) 24.3 101.0±3.6(1.01) 
6 (0.75) 44±13 7.22 (84.0) 16.0 127.0±3.2(1.34) 
8 (1.00) 41±11 7.68 (85.7) 14.3 158.4±7.9(1.67) 
 
 
4.1.3 Results of bulk nanostructured copper synthesized from micron  
          size powder 
 
The density results of bulk nanostructured copper synthesized from micron size copper 
powder (grain size: 81-nm) are listed in Table 4-3. 
Table 4-3 Results of Microhardness and Microstructural Characteristics of Bulk Copper 

















2 (0.25) 50±14 5.89 (65.7) 34.3 49.9±2.0(0.53) 





6 (0.75) 50±34 7.40 (82.6) 17.4 83.6±1.1(0.88) 
8 (1.00) 48±24 7.78 (86.8) 13.2 132.3±1.5(1.40) 
 
 
4.2 Microstructure Characterization 
 
4.2.1 Results of bulk copper synthesized from n-Cu (48-nm) powder 
 
Figure 4-1 shows the representative optical micrographs of bulk nanostructured copper 
synthesized using aforementioned method. The average grain sizes of bulk 
nanostructured copper obtained by compacting at different pressures and subsequent 
sintering using Scherrer equation are shown in Table 4-1. Diffractograms of powder 














































Figure 4-1 Optical micrographs showing the porosity cha
sintered (200◦C for 2h under Ar atmospher
made from 48nm copper under different in
0.25GPa, (b) 0.50GPa, (c) 0.75GPa and (d) 1.0
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                                                                                         (e) 
Figure 4-2 Diffractograms of low temperature sintered bulk nanostructured copper made 
from 48nm copper initially compacted at: (a) 0.25GPa, (b) 0.50GPa, (c) 







4.2.2 Results of bulk copper synthesized from n-Cu (78nm) 
 
Figure 4-3 shows the representative optical micrographs of bulk nanostructured copper 
synthesized using aforementioned method. The average grain sizes of bulk 
nanostructured copper obtained by compacting at different pressures and subsequent 
sintering using Scherrer equation are shown in Table 4-2. Diffractograms of powder 



























Figure 4-3 Optical micrographs showing the porosity cha
sintered (200◦C for 2 hours under Ar atmosphe
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                                                                        (e) 
 
Figure 4-4  Diffractograms of low temperature sintered bulk nanostructured copper made 
from 78nm copper initially compacted at: (a) 0.25GPa, (b) 0.50GPa, (c) 
0.75GPa, (d) 1.00GPa and (e) as-received nano size copper powders. 
 
 
4.2.3 Results of nanostructured copper synthesized from micron size   
          copper 
 
 
Figure 4-5 shows the representative optical micrographs of bulk nanostructured copper 
obtained by compacting the micron sized copper powders under pressures ranging from 
0.25 to 1.00 GPa and subsequent sintering at 200◦C for 2 hours under Ar atmosphere. The 
average grain sizes of bulk nanostructured copper obtained by compacting at different 
pressures and subsequent sintering using Scherrer equation are shown in Table 4-3. XRD 
diffractograms of powder compacts obtained with different compaction pressure are 





































Figure 4-5 Optical micrographs showing the porosity characteristics of low temperature 
sintered (200◦C for 2 hours under Ar atmosphere) bulk nanostructured copper 
synthesized from micron sized copper powders under initial compaction 
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                                                                      (e) 
Figure 4-6 X-ray diffraction spectra of low temperature sintered bulk nanostructured 
copper synthesized from micron sized powders initially compacted at: (a) 













4.3.1 Results of nanostructured copper synthesized from n-Cu (48nm)  
         powder 
 
The results of microhardness measurements obtained from the compacted and sintered 
copper samples are shown in Table 4-1. The results revealed that microhardness 
increased with an increase in compaction pressure. 
 
 
4.3.2 Results of nanostructured copper synthesized from n-Cu (78nm)  
         powder 
 
 
The results of microhardness measurements obtained from the compacted and sintered 
copper samples are shown in Table 4-2. The results also revealed that microhardness 
increased with an increase in compaction pressure. 
 
4.3.3 Results of nanostructured copper synthesized from micron size Cu  
         powder 
 
 
The results of microhardness measurements obtained from the compacted and sintered 
copper samples are shown in Table 4-3. The results revealed that microhardness 
increased with an increase in compaction pressure, with a maximum increase obtained at 


































CHAPTER 5 DISCUSSION 
 
 
5.1 Synthesis of bulk nanostructured copper 
 
Synthesis of bulk nanostructured copper from nano size as well as micron size copper 
powders  was successfully accomplished using cold uniaxial compaction and subsequent 
low temperature sintering. Cu2O was found to be present in the as-received nano copper 
powder and hence its presence was expected in the compacts. No conclusive evidence of 
further oxidation was observed from diffractograms (see Fig.4-2). It may be noted that 
formation of Cu2O during the synthesis of nano copper powder synthesis can not be 
avoided even under the vacuum level of 10-7 Torr [39]. 
 
Synthesis of bulk nanostructured copper from micron size copper powder was also 
successfully accomplished using cold uniaxial compaction and subsequent low 
temperature sintering. The processing methodology also did not encourage the oxidation 
of copper as evident from X-ray diffractograms (see Fig. 4-6).  
 
5.2 Microstructure 
5.2.1 Comparison of the Three Sets of Samples 
 
Under the 1 GPa compaction pressure, the bulk samples made from micron size powder 
has the highest density but the grain size is lower than those of samples synthesized using 
nano size copper powders. Besides, the quality and surface appearance of the bulk copper 




from nano size powders and this is because of the absence of the Cu2O for the micron 
size copper powder as seen from Figure 4-6. Another phenomenon we observed is that 







5.2.2 Effect of Compaction Pressure on the Microstructure 
 
The results of density measurement revealed that higher compaction pressure leads to 
higher density under similar sintering conditions for all three sets of samples. The results 
are consistent with the porosity results which show an almost continuous decreasing trend 
with the increase in compaction pressure. The increase in density and reduction in 
porosity can be attributed to the movement of powder in loose spaces under the 
application of compaction load leading to improved particle-to-particle contact and is 
consistent with the fundamentals of compaction of powder [40, 41]. The relatively high 
porosity (26.4% and 14.3%) for the samples made from nano size powders even at 1GPa 
compaction pressure can be attributed to the nano-size of the Cu powders. It has been 
established that a reduction in initial powder size lead to higher porosity levels in the 
compacts [40]. Besides the nano size of the Cu powder, presence of Cu2O in the as-
received powders may have resulted in the higher porosity by inhibiting the diffusion of 
copper atoms during sintering by acting as a surface barrier (see Fig.4-4). The ability of 




general, for metal-metal system even at higher temperatures [42]. The grain size 
measurement showed that there was no obvious grain growth under low temperature 
sintering conditions (200◦C for 2 hours) used in the present study. Increasing the 
compaction pressure resulted in comparatively more significant reduction in final grain 
size (see Table 4-1).  
 
The grain size measurement showed that grain size of the samples following compaction 
and sintering remained lower than the grain size of the as-received powders. The 
reduction in the grain size of the bulk sample can be attributed to the cold working of the 
Cu powder during compaction stage and recrystallization of new grains during the 
sintering step. The results are consistent with the findings reported elsewhere [43]. It may 
further be noted that recrystallization of  rolled copper can be completed in about 30 
minutes at 135◦C which is much lower than the sintering temperature and time used in the 



















5.3.1 Bulk nanostructured copper synthesized from n-Cu (48nm and  
         78nm) powder 
 
The results of microhardness characterization revealed that increasing the compaction 
pressure resulted in an increase of hardness of sintered samples. Microstructural 
variations noted with the increase in compaction pressure were: a) decrease in grain size 
and b) decrease in porosity levels. The grain size (d) can be correlated with hardness (H) 
as follows [45, 46]: 
                                                                                                             (1) 2/10
−+= dkHH H
The results also indicated that the inverse Hall-Petch relationship [47] did not apply upto 
the 27-nm grain size bulk nanostructured copper samples synthesized in this study and 
that the grain size remained above the critical grain size (dc) [47, 48]. The reduction in 
levels of porosity with an increase in compaction pressure considering the similar 
sintering conditions will assist in increasing the resistance to the motion of indenter as a 
result of an increase in the degree of plastic deformation leading to an increase in the 
resistance to penetration of the indenter. The schematic diagram explaining this concept  
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Figure 5-1 Schematic diagram showing the effect of porosity/compaction                              











The diagram further illustrates that for higher porosity level, it will be easy for the 
indenter to displace the metallic ligament that falls below the indenter down rather than to 
deform it plastically. Accordingly, the hardness reading of the sample under this 
condition will be lower and this is consistent with the experimental findings of the 
present study (Table 4-1 and Table 4-2) and the related work of other investigators [11, 
48]. The hardness of the conventional coarse-grained copper is reported to be 0.45±0.02 
GPa [19]. In the present study, the microhardness of nanostructured copper made from 
48nm powder at 0.25GPa compaction pressure remained lower than that of conventional 
copper and can be attributed to presence of 41.8% porosity (see Table 4-1). The 
microhardness of compacted copper specimens, however, remained superior for 
compaction pressure of 0.5GPa onwards. At the limiting compaction pressure (based on 
the capability of silicon wafer) of 1GPa, the hardness of the nanostructured copper 
compacts synthesized in the present study remained superior to the hardness of samples 
(~1.4GPa) produced using inert gas deposition coupled with in-situ compaction [19], the 
hardness of plasma pressure compacted samples (0.79GPa) [11] and the hardness of 
samples (0.8-0.98GPa) synthesized using solution-phase synthesis exhibiting a density up 
to 97.8% [10, 11]. 
 
The microhardness of compacted copper specimens made from 78nm powder, however, 
more than doubled for compaction pressure of 0.50GPa onwards. The highest hardness 
value is obtained at 1GPa and the hardness is ~3.7 times more than that of conventional 





5.3.2 Bulk nanostructured copper synthesized from micron size powder 
The same trend as nano size copper can be seen for the effect of increasing compaction 
pressure on the final microhardness. Main microstructural attribute to the increase in 
hardness was progressive reduction in porosity level considering that grain size remained 
almost same for all the compaction pressure tested in the present study. The maximum 
step increase in hardness level was realized when compaction pressure was increased 
from 0.75GPa to 1GPa. Besides reduction in porosity level, this significant increase can 
be attributed to a decrease in size of porosity as evident from Fig. 4-5. A reduction in size 
of porosity assist in increasing the resistance to localized deformation as the indenter will 
encounter higher metallic resistance during indentation when compared to the material 
with larger pore size.  
 
The results also indicated that the inverse Hall-Petch relationship [47] did not apply upto 
the 46-nm grain size bulk nanostructured copper samples synthesized in this study and 
that the grain size remained above the critical grain size (dc) [47, 48]. It may be noted that 
the hardness of conventional coarse grained copper is reported to be 0.45±0.02GPa [19], 
which is lower than all the samples investigated in this study. The reduction in levels of 
porosity with an increase in compaction pressure considering the similar sintering 
conditions will assist in increasing the resistance to the motion of indenter as a result of 
an increase in the degree of plastic deformation leading to an increase in the resistance to 
penetration of the indenter. For a sample with higher porosity level, it will be easy for the 






deform it plastically. Accordingly, the hardness reading of the sample under this 
condition will be lower and this is consistent with the experimental findings of the 
present study (Table 4-3) and the related work of other investigators [11, 48].  
 
In the present study, the microhardness of nanostructured copper at 0.25GPa compaction 
pressure is higher than that of conventional copper (0.45±0.02GPa) although it has a high 
porosity (see Table 4-3). This can primarily be attributed to the presence of nano size 
grains. The microhardness of compacted copper specimens almost doubled for 
compaction pressure of 0.75GPa onwards. At the limiting compaction pressure (based on 
the capability of silicon wafer) of 1GPa, the hardness of the nanostructured copper 
compacts (~1.4GPa) synthesized in the present study remained superior to the hardness of 
samples produced using inert gas deposition coupled with in-situ compaction [19], the 
hardness of plasma pressure compacted samples (0.79GPa) [11] and the hardness of 
samples (0.8-0.98GPa) synthesized using solution-phase synthesis exhibiting a density up 
 to 97.8% [10, 11].        
 
From the results obtained in this investigation, we can know that at the limiting 
compaction pressure of 1GPa, the bulk copper samples synthesized from micron size 
powder exhibit higher density then their counterparts from nano size powders though the 
final microhardness is a little bit lower. So the micron size powder is recommended for 
synthesizing bulk copper with better properties. 


































CHAPTER 6 CONCLUSIONS 
 
 
For the bulk nanostructured copper synthesized from nano size copper (48-nm), the 
following conclusions can be made: 
1. The grain size and porosity of nanostructured copper decreases with an increase in    
    compaction pressure. 
 
2. The density and microhardness of the nanostructured copper specimens increases with   
    an increase in compaction pressure. 
 
3. The increase in microhardness exhibited by low temperature sintered powder compacts  
exceeded that of  the one fabricated by solution phase synthesis,  plasma pressure   
compaction and inert gas deposition coupled with in-situ compaction at the limiting  
compaction pressure of 1GPa. 
 
For the bulk nanostructured copper synthesized from nano size copper (78-nm), 
following conclusions can be made: 
  1. The porosity of nanostructured copper decreases with an increase in compaction   
      pressure while the change in grain size remains insignificant in the compaction    
      pressure range of 0.50-1.00GPa. 
 
  2. The density and microhardness of the nanostructured copper specimens increases  
      with an increase in compaction pressure. 
 




    
   exceeded that of the one fabricated by solution phase synthesis, plasma pressure     
   compaction and inert gas deposition coupled with in-situ compaction at the limiting  
   compaction pressure of 1GPa. 
 
For the bulk nanostructured copper synthesized from micron size copper powder, the 
following conclusions can be made: 
1. The density of the nanostructured samples increased, porosity decreased and grain size  
    remained unaffected with an increase in compaction pressure.  
 
2. The microhardness of the nanostructured copper samples increased and remained  
superior to conventional coarse grained copper at all compaction pressures besides  
having significant amount of porosity. The results implies inapplicability of inverse  
Hall-Petch relationship till the grain size of 46-nm in the case of copper. 
 
3. The increase in microhardness exhibited by low temperature sintered powder compacts  
exceeded that of the one fabricated by solution phase synthesis,  plasma pressure   
compaction and inert gas deposition coupled with in-situ compaction at the limiting  
























Chapter 7 Next Stage of Work
 
 
Chapter 7 NEXT STAGE OF WORK 
Below are some work scheduled for the next stage of work: 
1. Investigation of the thermal and electrical properties for the nanostructured copper 
synthesized for nano wafer level packaging. 
2. Characterization of the bonding strength between the copper film and Si substrate. 
3. Develop modeling and simulation tools to extract useful information from the 
tests and to develop in-depth understanding of all kinds of phenomena at the nano 
level for full exploitation in wafer level interconnect applications. 
4. Integration of the nanostructured copper interconnect onto the package and 
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Appendix B Compaction Table and Sample Designation 
The detailed sample information of the processing conditions such as compaction 
pressure, sintering time, sintering temperature are listed in Table B-1. The first number in 
the sample name refers to the applied force in terms of tonnage. And the second number 
refers to the sintering time in terms of hours and the last number refers to the sintering 
temperature used. Since the 10-mm die set is used to compact each kind of raw powder, 
the compaction pressure can be easily calculated by the force applied dividing the area of 
contact. The compaction pressure (p) can be expressed as: 2R
F
A
Fp π== . 











××=== −ππ . The detailed results can be found in 
thee Table B-1. 
Table B-1 Sample designation and process conditions. 







Cu-02-02-200 2 0.25 2 200 
Cu-04-02-200 4 0.50 2 200 
Cu-06-02-200 6 0.75 2 200 








Appendix C Density raw data and calculation 
The densities and volume percentage of porosity was computed using the experimentally 
computed density values, theoretical values. 
Table C-1 Density raw data for bulk copper synthesized from type I copper powder (48-
nm). 
 
 MA (g) MW (g) ρexp (g/cm3) 
Cu02-02-200 
Specimen1 1.9122 1.5439 5.19 
Specimen2 1.9106 1.5119 5.22 
Specimen3 1.8767 1.5134 5.16 
Average 5.19 
Standard Deviation 0.03 
Cu-04-02-200 
Specimen1 1.9408 1.5890 5.51 
Specimen2 1.9349 1.5797 5.44 
Specimen3 1.9385 1.5859 5.49 
Average 5.48 
Standard Deviation 0.04 
Cu-06-02-200 
Specimen1 1.9101 1.5988 6.13 
Specimen2 1.9235 1.6126 6.18 





Standard Deviation 0.03 
Cu-08-02-200 
Specimen1 1.9568 1.6588 6.56 
Specimen2 1.9477 1.6525 6.59 
Specimen3 1.9375 1.6429 6.57 
Average 6.57 




















Table C-2 Density raw data for bulk copper synthesized from type II copper powder (78-
nm). 
 
 MA (g) MW (g) ρexp (g/cm3) 
Cu-02-02-200 
Specimen1 2.3767 1.9750 5.91 
Specimen2 2.2874 1.8934 5.80 
Specimen3 2.3536 1.9531 5.87 
Average 5.86 
Standard Deviation 0.06 
Cu-04-02-200 
Specimen1 2.2554 1.9221 6.76 
Specimen2 2.2101 1.8340 6.77 
Specimen3 2.1799 1.8601 6.81 
Average 6.78 
Standard Deviation 0.03 
Cu-06-02-200 
Specimen1 2.0765 1.7890 7.24 
Specimen2 1.9848 1.7106 7.23 
Specimen3 2.0435 1.7596 7.19 
Average 7.22 
Standard Deviation 0.03 
Cu-08-02-200 
Specimen1 1.9872 1.7301 7.72 




Specimen3 2.1164 1.8408 7.67 
Average 7.68 













































Table C-3 Density raw data for bulk copper synthesized from type III powder (micron 
size). 
 
 MA (g) MW (g) ρexp (g/cm3) 
Cu-02-02-200 
Specimen1 3.0565 2.5337 5.84 
Specimen2 2.9979 2.4912 5.91 
Specimen3 3.0204 2.5107 5.92 
Average 5.89 
Standard Deviation 0.04 
Cu-04-02-200 
Specimen1 3.3792 2.9038 7.10 
Specimen2 3.3810 2.9006 7.03 
Specimen3 3.3803 2.9013 7.05 
Average 7.06 
Standard Deviation 0.04 
Cu-06-02-200 
Specimen1 3.5280 3.0505 7.38 
Specimen2 3.5739 3.0908 7.39 
Specimen3 3.6022 3.1192 7.45 
Average 7.40 
Standard Deviation 0.04 
Cu-08-02-200 




Specimen2 3.7028 3.2280 7.79 
Specimen3 3.7149 3.2373 7.77 
Average 7.78 























Appendix D        Microhardness Raw Data 
Table D-1 Microhardness raw data for bulk copper synthesized from type I copper 
powder (48-nm). 
 
Vickers Microhardness (HV) 
Indentation Cu-02-02-200 Cu-04-02-200 Cu-06-02-200 Cu08-02-200 
1 29.1 85.3 114.7 147.9 
2 29.7 84.6 103.1 142.2 
3 31.3 85.3 108.1 147.9 
4 28.4 84.6 109.2 153.1 
5 29.1 87.2 108.1 151.3 
6 27.1 85.3 114.7 145.5 
7 29.4 84.6 103.1 146.3 
8 29.8 83.2 111.3 142.2 
9 29.8 84.6 106.1 147.9 
10 29.7 85.3 108.1 148.8 
Average 29.3 85.0 108.6 147.3 
Standard 
Deviation 










Table D-2 Microhardness raw data for bulk copper synthesized from type II copper 
powder (78-nm). 
 
Vickers Microhardness (HV) 
Indentation Cu-02-02-200 Cu-04-02-200 Cu-06-02-200 Cu-08-02-200 
1 73.0 102.1 128.4 156.7 
2 68.0 99.3 129.7 174.4 
3 70.7 102.1 123.1 144.6 
4 69.1 101.2 125.7 156.7 
5 68.5 99.3 128.4 166.2 
6 72.4 100.2 124.4 160.4 
7 64.0 100.2 121.9 160.4 
8 70.7 102.7 127.0 156.7 
9 69.1 99.3 132.5 153.1 
10 68.5 104.1 128.4 154.8 
Average 69.4 101.0 127.0 158.4 
Standard 
Deviation 











Table D-3 Microhardness raw data for bulk copper synthesized from type III copper 
powder (81-nm). 
 
Vickers Microhardness (HV) 
Indentation Cu-02-02-200 Cu-04-02-200 Cu-06-02-200 Cu-08-02-200 
1 51.5 52.2 83.9 132.5 
2 50.1 54.0 83.2 134.0 
3 49.8 55.8 83.9 132.5 
4 53.2 53.6 82.5 131.1 
5 49.8 55.1 85.3 131.1 
6 47.3 54.0 83.9 129.7 
7 47.9 54.3 82.5 134.0 
8 47.0 54.0 82.5 134.0 
9 51.5 55.1 83.2 132.5 
10 50.8 55.1 85.3 131.1 
Average 49.9 54.3 83.6 132.3 
Standard 
Deviation 











Appendix E        XRD Sample Preparation and Grain Size 
Estimation Raw Data 
XRD Sample Preparation Instructions: 
1. Slightly polish the surface of the copper samples. 
2. Clean with alcohol in ultrasonic basin to remove surface polishing alumina. 
3. Put the sample in the sample holder of the XRD equipment and begin testing. 
Grain size raw data is obtained from the XRD data and estimated by Scherrer method 
using the built-in software of Schimadzu LabX XRD-7000. Grain size estimates of a 
particular sample are determined by averaging the integration of the five standard copper 
peaks. The average grain size and standard deviation are rounded to the nearest integer 
for convenience. 
Table E-1 Grain size of bulk nanostructured copper synthesized from type I powder (48-
nm). 
 
Samples Cu-02-02-200 Cu-04-02-200 Cu-06-02-200 Cu-08-02-200 
Peak 1 74.92 71.54 51.17 27.48 
Peak 2 47.57 50.16 32.48 20.08 
Peak 3 42.16 36.62 25.96 27.34 
Peak 4 40.23 52.50 27.50 28.36 
Peak 5 50.06 32.71 34.70 30.97 
Average Size 
(nm) 
51 49            34 27 
Std. Deviation 
(nm) 






Table E-2 Grain size of bulk nanostructured copper synthesized from type II powder (78-
nm). 
 
Samples Cu-02-02-200 Cu-04-02-200 Cu-06-02-200 Cu-08-02-200 
Peak 1 91.86 65.93 61.89 58.32 
Peak 2 81.33 45.29 37.68 40.06 
Peak 3 57.41 42.19 37.92 34.78 
Peak 4 39.94 29.51 29.56 30.64 
Peak 5 68.53 35.65 52.06 40.67 
Average Size 
(nm) 
68 44 44 41 
Std. Deviation 
(nm) 

















Table E-3 Grain size of bulk nanostructured copper synthesized from type III powder 
(81-nm). 
 
Samples Cu-02-02-200 Cu-04-02-200 Cu-06-02-200 Cu-08-02-200 
Peak 1 74.06 86.79 109.97 85.95 
Peak 2 45.90 40.58 40.72 39.82 
Peak 3 38.09 35.99 32.39 29.90 
Peak 4 42.41 25.93 26.02 29.82 
Peak 5 48.26 42.58 40.86 53.95 
Average Size 
(nm) 50 46 50 48 
Std. Deviation 
(nm) 14 23 34 24 
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